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Abstract
Blakeslee and McCourt [Blakeslee, B., & McCourt, M.E. (1997). Similar mechanisms underlie simultaneous brightness contrast
and grating induction. Vision Research, 37, 2849–2869] demonstrated that a multiscale array of two-dimensional difference-of-
Gaussian (DOG) filters provided a simple but powerful model for explaining a number of seemingly complex features of grating
induction (GI), while simultaneously encompassing salient features of brightness induction in simultaneous brightness contrast
(SBC), brightness assimilation and Hermann Grid stimuli. The DOG model (and isotropic contrast models in general) cannot,
however, account for another important group of brightness effects including the White effect [White, M. (1997). A new effect of
pattern on perceived lightness. Perception, 8, 413–416] and a variant of SBC [Todorovic, D. (1997). Lightness and junctions.
Perception, 26, 379–395]. Blakeslee and McCourt [Blakeslee, B., McCourt, M.E. (1999). A multiscale spatial filtering account of
the White effect, simultaneous brightness contrast and grating induction. Vision Research, 39, 4361–4377] developed a modified
version of the model, an oriented (ODOG) model, which differed from the DOG model in that the filters were anisotropic and
their outputs were pooled nonlinearly. Using this model, they were able to account for both groups of induction effects. The
present paper examines two additional sets of brightness illusions that cannot be explained by isotropic contrast models.
Psychophysical brightness matching is employed to quantitatively measure the size of the brightness effect for two Wertheimer–
Benary stimuli [Benary, W. (1924). Beobachtungen zu einem experiment uber helligkeitskontrast. Psychologische Forschung, 5,
131–142; Todorovic, D. (1997). Lightness and junctions. Perception, 26, 379–395] and for low- and high-contrast versions of
corrugated Mondrian stimuli [Adelson, E.H. (1993). Perceptual organization and the jugdement of brightness. Science, 262,
2042–2044; Todorovic, D. (1997). Lightness and junctions. Perception, 26, 379–395]. Brightness matches are obtained on both
homogeneous and checkerboard matching backgrounds. The ODOG model qualitatively predicts the appearance of the test
patches in the Wertheimer–Benary stimuli and corrugated Mondrian stimuli. In addition, it quantitatively predicts the relative
magnitudes of the corrugated Mondrian effects in the various conditions. In general, the psychophysical results and ODOG
modeling argue strongly that like SBC, GI, the White effect and Todorovic’s SBC demonstration, induced brightness in
Wertheimer–Benary stimuli and in the corrugated Mondrian primarily reflects early-stage filtering operations in the visual system.
© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The brightness of a region of visual space is not
solely determined by its luminance, but depends also
upon the luminances of adjacent regions. A classic
example of induced brightness, called simultaneous
brightness contrast (SBC), occurs when a gray patch on
a white background looks darker than an equiluminant
gray patch on a black background. Such important
demonstrations reveal the operation of visual mecha-
nisms that allow different areas of the stimulus (visual
scene) to interact. Blakeslee and McCourt (1997) found
that a simple multiscale filtering model, based on filters
that behave in a manner consistent with the neurophys-
iology of the retina and visual cortex, explains a num-
ber of complex features of induced brightness, which in
the past have been attributed to a wide variety of
different mechanisms. Specifically, they demonstrated
that the structure and magnitude of brightness induc-
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tion in both SBC and grating induction (GI) stimuli
were parsimoniously accounted for by the output of a
differentially weighted, octave-interval array of seven
difference-of-Gaussian (DOG) filters. This array of
filters differed from those previously employed to
model GI (Moulden & Kingdom, 1991) and the early
filtering stages of the visual system (Wilson & Bergen,
1979; Watt & Morgan, 1985; Kingdom & Moulden,
1992) in that it included filters tuned to significantly
lower spatial frequencies. The decision to include such
low frequency filters, however, is supported by physio-
logical evidence that spatial integration occurs over
comparably large distances in cells of the primary visual
cortex of both cat (Rossi & Paradiso, 1999; Rossi,
Rittenhouse, & Paradiso, 1996) and monkey (Gilbert,
Das, Ito, Kapadia, & Westheimer, 1996). It is signifi-
cant that this relatively simple filtering explanation,
which was the first to simultaneously account for both
GI and SBC, could be generalized to account for
several other important brightness phenomena, such as
the GI demonstrations of Zaidi (1989), Shapley and
Reid’s (1985) contrast and assimilation demonstration,
and the induced spots seen at the street intersections of
the Hermann Grid.
A subsequent study (Blakeslee & McCourt, 1999)
specifically addressed the White effect (White, 1979)
and a variant of SBC demonstrated by Todorovic
(1997), effects that cannot be accounted for by isotropic
contrast models such as the DOG model and edge-de-
pendent contrast models. In the White effect, gray test
patches of identical luminance placed on the black and
white bars of a square wave grating appear different in
brightness. The direction of the effect, however, is
independent of the aspect ratio of the test patch such
that, unlike SBC, the White effect does not depend on
the amount of black or white border in immediate
contact with the test patch or in its general vicinity. For
example, when the gray patch is a vertically oriented
rectangle sitting on the white stripe of a vertical grating,
it has two short sides that are in contact with the
coaxial white bar it is sitting on and two long sides that
are in contact with the flanking black bars. Despite the
more extensive black borders, the gray patch appears
darker than an equivalent gray patch sitting on a black
stripe. In other words, rather than contrasting with a
weighted sum of its borders or the surrounding area,
the gray patch appears to contrast with the bar upon
which it is situated, largely independent of the flanking
stripes. Blakeslee and McCourt (1999) developed a
modified version of the DOG model (the ODOG
model) to account for both groups of induction effects.
The defining features of the ODOG model, e.g. multi-
scale spatial frequency sensitivity, orientation specificity
and response normalization, are response characteris-
tics that are routinely observed at early cortical stages
of visual processing in both cat and monkey (Rossi &
Paradiso, 1999; Rossi et al., 1996; Gilbert et al., 1996;
Geisler & Albrecht, 1995). The ODOG model qualita-
tively predicted the appearance of the test patches in
the White effect (White, 1979), Todorovic’s variant of
SBC (Todorovic, 1997), GI and SBC (Blakeslee &
McCourt, 1997), while quantitatively predicting the rel-
ative magnitudes of these brightness effects as measured
psychophysically using brightness matching. The model
also accounted for both the smooth transition in test
patch brightness seen in the White effect (White &
White, 1985) as the relative phase of the test patch is
varied relative to the inducing grating, and for the
spatial variation of brightness across the test patch as
measured using point-by-point brightness matching. In
general, the psychophysical results and ODOG model-
ing argued strongly that the induced brightness phe-
nomena of SBC, GI, the White effect, and the
Todorovic SBC variant, primarily reflect early-stage
filtering operations in the visual system.
The present paper examines two additional bright-
ness illusions: the Wertheimer–Benary effect (Benary,
1924; Todorovic, 1997) and a group of corrugated
Mondrian stimuli (Adelson, 1993; Todorovic, 1997).
These effects, like the White effect and Todorovic’s
SBC demonstration, cannot be accounted for on the
basis of isotropic contrast models and offer another
opportunity to test the generality of the ODOG model.
Fig. 1(a) and (b) illustrate the Wertheimer–Benary
stimuli used in the present paper. Note that in the
stimulus in Fig. 1(a), known as the Benary cross, and
for the left half of Todorovic’s (1997) version of this
effect (Fig. 1b), the two gray triangles are identical in
luminance but appear different in brightness despite
having identical border contrast. A frequently refer-
enced qualitative explanation for this effect, based on
the Gestalt concept of ‘good whole’ or ‘belonging’
(Wertheimer, 1923, 1958), states that the triangle em-
bedded in the arm of the black cross appears to belong
to the cross and therefore contrasts with it and appears
lighter. The triangle on the white background likewise
appears to belong to the white background and thus
contrasts with it and appears darker (Benary, 1924;
Mikesell & Bentley, 1930; Jenkins, 1930; Gilchrist,
1988). Note that the right half of Todorovic’s
Wertheimer–Benary figure (Fig. 1b) is simply a reverse
contrast version of the same effect and that a similar
explanation can be applied.
Todorovic (1997) and Zaidi, Spehar, and Shy (1997)
argued, however, that like the White effect, the
Wertheimer–Benary effect can be explained on the
basis of ‘low-level’ structural factors or T-junctions
alone and is not dependent on the ‘higher-level’ Gestalt
grouping factors mentioned above. These authors de-
scribe T-junctions as the meeting place of three regions.
Two of these regions (the collinear regions) form the
stem of the T and the third region (the flanking region)
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forms the top of the T. The T-junction rule that they
applied simply states that the brightness of regions that
share edges with several other regions and whose cor-
ners involve T-junctions is predominantly dependent on
the luminance of collinear regions and is in the
direction of a SBC effect. In the example of the
Wertheimer–Benary effect seen in Fig. 1(a), the triangle
situated within the black cross has one T-junction
associated with it. In the original version of the Benary
cross, this triangle is shifted away from the center of the
cross and is associated with two T-junctions, but the
same analysis applies. The gray triangle and the black
background are collinear regions, and the white back-
ground is the flanking region. Therefore, the triangle
contrasts with the black collinear region and appears
lighter. The triangle on the white background is associ-
ated with two T-junctions. In both instances, the white
background forms the collinear edge, and the black
cross forms the flanking edge. Therefore, this triangle
contrasts with the white background and appears
darker. A similar analysis can be applied to the Todor-
ovic (1997) version of the effect in Fig. 1(b). Note that
in this stimulus, all of the gray triangles are associated
with two T-junctions.
Fig. 1(c) and (d) illustrate Adelson’s (1993) original
corrugated Mondrian stimuli and Fig. 1(e) is a novel
configuration created by Todorovic (1997). Fig. 1(f), (g)
and (h) are high-contrast versions of these same stimuli.
The gray test patches appearing in the third positions of
the 2nd and 4th rows in each panel are of identical
luminance. The luminances of the other patches, within
the low- and high-contrast sets, also remain fixed. Thus,
the only difference between the panels in a set is in the
geometrical shape and arrangement of the patches.
Nevertheless, there are obvious differences in test patch
brightness both within and between the various
configurations. Adelson (1993) offered what he called a
‘mid-level’ explanation [based on Fig. 1(c) and (d)] in
which the Mondrians are seen as 3-D objects with
different amounts of illumination falling on the differ-
ent planes, and in which the perceived illumination
influences the brightness of the test patches. According
Fig. 1. Illustrations of the Wertheimer–Benary and corrugated Mondrian stimuli used in the psychophysics and modeling. The Wertheimer–Be-
nary stimuli include the Benary cross (a) and Todorovic’s (1997) version of this effect (b). Low-contrast corrugated Mondrian stimuli include
Adelson’s (1993) original corrugated Mondrian stimuli (c, d) and Todorovic’s (1997) staircase version of the effect (e). Panels (f), (g) and (h) are
high-contrast versions of the same corrugated Mondrian stimuli.
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to this account, the upper test patch in Fig. 1(c) is seen
as a dark gray patch that is brightly lit, while the lower
test patch is seen as a light gray patch that is dimly lit.
In Fig. 1(d), the two patches are perceived in the same
plane, thus sharing the same illumination, and should
therefore appear similar in brightness. Adelson (1993)
attributed the small residual brightness difference he
measured in this condition to a low-level (lateral in-
hibitory) process. Todorovic (1997) challenged this ex-
planation, favoring instead an explanation in terms of
local junctions rather than perceived illumination and
3-D structure. For this case, Todorovic (1997) extended
the T-junction analysis to include X-junctions where
four regions come together. For X-junctions, the
brightness rule similarly states that the lightness of the
gray patch is predominantly affected by the luminance
of its collinear neighbors and that the direction of the
effect is as in SBC. Using this rule, Todorovic was able
to predict the direction of the brightness effect in
Adelson’s (1993) corrugated Mondrians. In Fig. 1(c),
the upper test patch and the lower test patch are
collinear with their horizontal neighbors and therefore
contrast with them. Since the collinear neighbors for
the upper patch are lighter than those for the lower
patch, the upper patch appears darker than the lower
patch. In Fig. 1(d), however, the upper and lower test
patches are collinear with their vertical neighbors, and
these neighbors all have the same luminance. Therefore,
an analysis of X-junctions predicts no brightness differ-
ence between the upper and lower test patches. The
small difference that does persist is consistent with the
hypothesis that brightness is predominantly, but, not
exclusively, affected by collinear regions, and that lat-
eral regions may induce a residual effect (Todorovic,
1997). Gilchrist, Kossyfidis, Bonato, Agostini, Catal-
iotti, Li, Spehar, Annan, & Economou, (1999) offered
another interpretation of the corrugated Mondrian
based on Gestalt grouping and Gilchrist’s anchoring
hypothesis. In Gilchrist’s formulation, the anchor in a
given framework is the luminance that appears white.
The appearance of each darker region in the framework
depends on its relationship to the anchor. According to
this analysis grouping by rows produces the brightness
effect because the highest luminance in the row to
which the lower test patch belongs is lower than the
highest luminance in the row to which the upper test
patch belongs. Therefore, the lower test patch has a
higher local lightness assignment than does the upper
test patch. Grouping by columns produces no effect
since both test patches share the same group and are
anchored to the same highest luminance. Grouping by
local retinal adjacency produces a weak effect in the
same direction as grouping by rows and is held respon-
sible for the small residual brightness effect seen in Fig.
1(d).
Fig. 1(e) is a staircase version of the corrugated
Mondrian produced by Todorovic (1997) which chal-
lenges Adelson’s (1993) illumination hypothesis. Since
rows two and four in this configuration are seen as
lying in parallel planes, they should, according to Adel-
son (1993), be perceived to receive the same illumina-
tion and the upper and lower test patches should
appear equally bright. This is clearly not the case since
the test patches appear dissimilar (Todorovic, 1997).
This brightness difference is predicted by the four-junc-
tion analysis (Todorovic 1997), however, because the
test patches are again collinear with their horizontal
neighbors as in Fig. 1(c). This brightness difference
would also be predicted by Gilchrist et al.’s, (1999)
anchoring hypothesis since this configuration has not
interrupted the grouping by horizontal rows. Indeed, to
the extent that various junctions influence grouping,
one might expect these approaches to yield similar
results (Todorovic, 1997).
Although both the T-junction and grouping analyses
offer useful rules for qualitatively predicting the ap-
pearance of various brightness effects, they fall short of
identifying an underlying mechanism. The present
study attempts to further test the ODOG model
(Blakeslee & McCourt, 1999), which represents a quan-
titative mechanistic explanation of brightness induction,
using the Wertheimer–Benary and corrugated
Mondrian stimuli. It should be emphasized that this
mechanistic explanation does not necessarily conflict
with T-junction or grouping analyses, but may, at least
to some extent, underlie them. Psychophysical bright-
ness matching is employed to quantitatively measure
the size of the brightness effect for two Wertheimer–
Benary stimuli [Fig. 1(a) and (b)] and for a low and
high-contrast set of corrugated Mondrian stimuli [Fig.
1(c)– (h)]. It is important to measure these effects quan-
titatively for two reasons. First, quantitative measure-
ment allows us to compare the data with the
predictions of the ODOG model for the same stimuli
(Blakeslee & McCourt, 1999). These comparisons test
the model and indicate refinements that are necessary
to better account for the data. Second, although these
well-known brightness effects are often used as argu-
ments to support various theories of brightness percep-
tion, very little quantitative data are actually available
to support these arguments. For example, although
Gilchrist (1988) collected Munsell matching data for a
Benary cross stimulus similar to Fig. 1(a), no quantita-
tive data are available for the Todorovic (1997) version
of this stimulus seen in Fig. 1(b). There are slightly
more quantitative data available for the corrugated
Mondrian stimuli in Fig. 1(c) and (d). Adelson (1993)
reported one set of cancellation settings for these stim-
uli and Wishart, Frisby, and Buckley (1997) reported
matching data from five subjects. No data are available,
however, for the Todorovic (1997) staircase configura-
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tion [Fig. 1(e)] or for manipulation of the contrast of
the stimuli [Fig. 1(f), (g) and (h)].
2. General methods
2.1. Subjects
The authors (BB and MM) and one naı¨ve observer
(AI) participated in the experiments. All three subjects
possessed normal or corrected-to-normal vision.
2.2. Stimuli
Stimuli were generated on a PC-compatible micro-
computer (Pentium 150) with a custom modified Cam-
bridge VSG board (Vision Research Graphics, Inc.).
Images were presented on a high-resolution display
monitor (21 inch IDEK Iiyama Vision Master, model
MF-8221). The display format was 1024(w)×768 (h)
pixels. The frame refresh rate was 97 Hz (non-inter-
laced). All images could possess 28 simultaneously pre-
sentable linearized intensity levels selected from a
palette of approximately 212. Subjects viewed the dis-
play from a distance of 60.7 cm resulting in a stimulus
field that was 24.2o in height and 32o in width. Individ-
ual pixels measured 0.031o×0.031o. Inducing patterns
appeared in the lower half of the stimulus field, while
the upper half of the stimulus display contained a
2o×2o matching patch of adjustable luminance (0–100
cd/m2). The matching stimulus was surrounded by ei-
ther a homogeneous field set to 50 cd/m2 or by a
checkerboard of 12% contrast with the same mean
luminance. In the checkerboard conditions, the check-
erboard occupied the full width of the display (1024
pixels) but only the central 175 pixels of the height of
the upper half of the display (384 pixels). The checker-
board was surrounded above and below by a homoge-
neous field set to the mean luminance. The individual
checks of the checkerboard measured 8×8 pixels;
therefore, eight checks bordered each side of the match-
ing patch. The checkerboard matching background was
employed to explore the possibility that it represented a
methodologically superior matching background to a
homogeneous field (Gilchrist et al., (1999)). One draw-
back of the homogeneous matching background is that
as the luminance of the matching patch is adjusted by
the observer in an attempt to match the test patch, it
may appear as an increment or a decrement, or disap-
pear altogether (when the luminance is equivalent to
that of the background). This additional information
may influence the match or make a direct match more
difficult. A checkerboard background avoids these
problems.
In the Wertheimer–Benary stimuli [Fig. 1(a) and (b)]
the test patches are right triangles with legs measuring
70 pixels (just over 2o). Test patch luminance is 50
cd/m2. In the Benary cross stimulus [Fig. 1(a)], the legs
of each triangle share borders with the black cross and
the hypotenuse of each triangle shares a border with the
white background. Note that in the Todorovic version
[Fig. 1(b)], the legs of the two triangular test patches on
the left side of the figure are bordered by black, and the
hypotenuse of each triangle is bordered by white. These
triangles are thus comparable with those in the Benary
cross stimulus in Fig. 1(a). The two test patches on the
right side of Fig. 1(b) demonstrate the opposite ar-
rangement; white regions border the legs of the trian-
gles, and the hypotenuse of each is bordered by black.
Fig. 1(c), (d) and (e) depict the set of lower contrast
corrugated Mondrian stimuli (Adelson, 1993; Todor-
ovic, 1997). The contrast levels in these Mondrians are
those employed by Adelson (1993). The brightest patch
is 83 cd/m2, and the dimmest patch is 30 cd/m2 (47%
contrast). In the high-contrast set [Fig. 1(f), (g) and (h)],
the contrast of the entire stimulus was adjusted until
the brightest patch was 100 cd/m2 and the dimmest 0
cd/m2 (100% contrast). In all panels, the gray test
patches in the central positions of the 2nd and 4th rows
are of identical luminance (50 cd/m2). The luminances
of the other patches within a set also remain fixed.
2.3. Procedures
All stimuli were viewed binocularly through natural
pupils in a dimly lit room. Subjects’ heads were posi-
tioned relative to the display with a chin and forehead
rest. Eye movements were restricted only in that sub-
jects were instructed to maintain their gaze within the
illuminated display to hold adaptation state stable. A
standard matching technique was used to measure the
magnitude of induction in the various brightness dis-
plays. McCourt and Blakeslee (1994) compared bright-
ness matching and cancellation (nulling) techniques.
They found that brightness measures obtained using
these two methods were equally informative and were
lawfully related. In general, a brightness null corre-
sponds to the point on the complete brightness match-
ing function where variations in induced brightness are
cancelled by the addition or subtraction of luminance(s)
within the test patch. The brightness matches referred
to in the present study correspond to another point on
the complete brightness matching function; they are a
direct measure of the brightness of the test patch when
it is set to 50 cd/m2. The 2o×2o matching patch
roughly corresponded in size to the test patches of the
stimulus configurations under examination. A button
press from the subject initiated each matching trial. The
initial value of matching patch luminance was random-
ized at the beginning of each adjustment trial, and
subjects controlled subsequent increments and/or decre-
ments in matching luminance by selecting and depress-
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Fig. 2. Bar graphs, for three observers (a, b, and c), showing mean
deviations of matching luminance from the veridical luminance of the
test patches (as a proportion of the maximum luminance) for the
various brightness conditions of the Wertheimer–Benary stimuli.
Horizontal lines at 0.0 represent the veridical test patch luminance.
White and shaded bars indicate mean brightness matches to the two
different test patches in each stimulus condition. The error bars are
the 95% confidence limits. See text for details. Panels (d), (e) and (f)
are brightness matches for the same stimuli as in (a), (b) and (c),
where matches were obtained with the matching patch embedded in a
checkerboard background. All matches are shifted to higher lumi-
nances.
3. Results
3.1. Experiment 1: brightness matching for the
Wertheimer–Benary stimuli
The bar graphs in Fig. 2(a), (b) and (c) depict the
mean deviation of the matching luminance from the
veridical luminance of the test patches (50 cd/m2), as a
proportion of the maximum luminance (100 cd/m2), for
the various stimulus conditions of the Wertheimer–Be-
nary stimuli. Data from the three subjects are plotted
separately in the three panels. Although, as seen in
previous studies (Blakeslee & McCourt, 1997, 1999),
brightness induction in the test patches was not com-
pletely homogeneous, subjects found it relatively easy
to set a single value for the matching patch representing
the overall appearance of the test patch.
The horizontal lines dividing each bar at the 0.0
point represent the veridical luminance (not the match-
ing luminance) of the test patches (50 cd/m2). The white
and shaded bars extending above and below this lumi-
nance indicate the mean brightness matches to the two
different test patches in each stimulus condition. The
error bars represent the 95% confidence limits for each
mean match. The first brightness matches depicted
(TBBW) are those for the left side of the Todorovic
stimulus [Fig. 1(b)]. In this condition, the triangular test
patches are surrounded by two black and one white
border. The shaded bars represent the brightness
matches for the first triangle on the left, and the white
bars represent the brightness matches for the second
triangle. Note that in accord with qualitative observa-
tion (Todorovic, 1997), the matching data from all
three subjects indicate that triangle 1 appears darker
than triangle 2. Next are the matches for the Todorovic
test patches surrounded by the opposite contrast
configuration, i.e. two white and one black border
(TWWB). The shaded and white bars represent the
brightness matches for triangle three and four, respec-
tively. Again, in accord with qualitative observations
(Todorovic, 1997), triangle 3 appears darker than trian-
gle 4. Finally, in the condition labeled Benary, the
white bars represent the brightness matches for the first
triangle on the left (the triangle embedded within the
black cross), and the shaded bar represents the second
triangle (located on the white background). As found
previously for qualitative judgments (Benary, 1924;
Jenkins, 1930; Mikesell & Bentley, 1930) and in one
quantitative study (Gilchrist, 1988), the triangle that is
situated within the black cross appears brighter than
the triangle on the white background despite having
identical contrast borders.
The bar graphs in Fig. 2(d), (e) and (f) represent
brightness matches for the same stimuli as in Fig. 2(a),
(b) and (c), but in this condition, the matches were
obtained with the matching patch embedded in a check-
ing appropriate response buttons. Each button press
resulted in a luminance change of 1%. The adjustment
interval for each trial lasted until the subject indicated
that the match was complete by pressing the ‘done’
button. Final adjustment settings were recorded by the
computer, which also randomized the presentation of
stimuli. Between five and 15 matching settings were
obtained in each experimental condition from each
subject.
In this study, we were concerned only with bright-
ness, the perceived luminance or intensity of a stimulus.
Subjects were specifically instructed to match brightness
(the perceived intensity of light) and not lightness (the
perceived reflectance of a surface) or brightness con-
trast (relative brightness).
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erboard background. The most striking difference in
these data is that all of the matches have been shifted to
higher luminances.
Fig. 3(a), (b) and (c) plot the data from Fig. 2 (a)– (f)
as the difference in mean matching luminance between
the two triangular test patches in each condition. The
solid and open symbols represent this difference in
mean matching luminance on the homogeneous and
checkerboard background, respectively. It is clear that
despite the shift toward higher luminances for all
brightness matches on the checkerboard background,
the brightness differences between the test patches show
a similar pattern across conditions but are slightly
larger than those obtained on the homogeneous
background.
Fig. 4. Bar graphs, for three observers (a, b, c), showing mean
deviations in matching luminance from veridical test patch luminance
(as a proportion of the maximum luminance) for the various stimulus
conditions of the corrugated Mondrian. Horizontal lines at 0.0 repre-
sent veridical test patch luminance. The white bars are mean bright-
ness matches to the lower test patch, and the shaded bars are mean
brightness matches to the upper test patch. The error bars are the
95% confidence limits for each mean match. (MA), (MB), and (MC)
refer to the low-contrast corrugated Mondrian stimuli [Fig. 1(c), (d),
(e)]. (HMA), (HMB) and (HMC) refer to the high-contrast versions
of the same stimuli [Fig. 1(f), (g), (h)]. Panels (d), (e), (f) plot mean
deviations of matching luminance from veridical luminance when the
matching patch was embedded in the checkerboard background. All
brightness matches are shifted to higher luminances.
Fig. 3. Panels (a), (b) and (c) plotting the data from Fig. 2(a)– (f) as
the difference in mean matching luminance between the two triangu-
lar test patches in each condition. The solid and open symbols
represent this difference in mean matching luminance on the homoge-
neous and checkerboard backgrounds, respectively. Despite the shift
toward higher luminances for all brightness matches on the checker-
board background, a similar pattern of brightness differences occurs
across conditions. The brightness differences on the checkerboard
background are slightly larger than those measured on the homoge-
neous background.
3.2. Experiment 2: brightness matching for the
corrugated Mondrian
The bar graphs in Fig. 4(a), (b) and (c) depict the
mean deviation of the matching luminance from the
veridical luminance of the test patches (50 cd/m2), as a
proportion of the maximum luminance (100 cd/m2), for
the various stimulus conditions of the corrugated
Mondrian. Data for the three subjects are again plotted
separately in the three panels.
Again, the horizontal lines dividing each bar at the
0.0 point represent the veridical luminance (not the
matching luminance) of the test patches (50 cd/m2). The
white bars represent mean brightness matches to the
lower test patch, and the shaded bars represent mean
brightness matches to the upper test patch. The error
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Fig. 5. Data from Fig. 4(a)– (f) plotted as the difference in mean
matching luminance between the two test patches in each condition.
The solid and open symbols are match differences on the homoge-
neous and checkerboard backgrounds, respectively. The brightness
differences measured for the matching patch on a checkerboard
background show the same pattern across stimulus condition as those
measured on the homogeneous background, although, in general, the
brightness differences are slightly larger on the checkerboard back-
ground.
bars are the 95% confidence limits for each mean
match. The first three conditions (MA, MB and MC)
refer to the lower contrast corrugated Mondrian stimuli
appearing in Fig. 1(c), (d) and (e). The brightness
differences in conditions (MA) and (MB) are in accord
with previous quantitative measurements (Adelson,
1993; Wishart et al., 1997). The upper test patch in
condition (MA) appears darker than the lower test
patch, and this difference is reduced in condition (MB).
The brightness difference in condition (MC) increases
again confirming the qualitative observation of Todor-
ovic (1997). The next three conditions (HMA, HMB,
HMC) represent the high-contrast version of the same
experiment [Fig. 1(f), (g) and (h)]. As expected, the
brightness differences measured psychophysically are
somewhat larger in the high-contrast conditions but
show the same overall pattern.
The bar graphs in Fig. 4(d), (e) and (f) represent
brightness matches for the same stimuli as in Fig. 4(a),
(b) and (c), but in this condition, the matches were
obtained with the matching patch embedded in a check-
erboard background. As in the previous experiment, all
of the brightness matches have been shifted to higher
luminances. Fig. 5(a), (b) and (c) plot the data from
Fig. 4(a)– (f) as the difference in mean matching lumi-
nance for the test patches in the various stimulus condi-
tions. It is clear that the brightness differences
measured for the matching patch on a checkerboard
background (open symbols) show the same pattern
across stimulus condition as those measured on the
homogeneous background (filled symbols). The bright-
ness differences, however, are again slightly larger when
the matches are made on the checkerboard
background.
3.3. Modeling with the Oriented Dog (ODOG) model
The psychophysical brightness matching results for
the Wertheimer–Benary and corrugated Mondrian
stimuli raise several interesting questions for the model-
ing effort. First, can the model account for the qualita-
tive appearance of the test patches in the various
conditions, i.e. which test patch appears brighter? Sec-
ond, can it account for the relative magnitude of the
brightness differences across the various conditions ob-
served on both the homogeneous and checkerboard
matching backgrounds? Finally, can the model account
for the shift of the matching results toward higher
luminances observed on the checkerboard matching
background.
The ODOG model has been described in detail else-
where (Blakeslee & McCourt, 1999). The oriented filters
of the ODOG model were produced by setting the ratio
of DOG center/surround space constants to 1:2 in one
orientation and to 1:1 in the orthogonal orientation (see
Table 1). A gray level representation of such an ODOG
Table 1
Oriented difference of Gaussian space constants
Mechanism Space constant (deg)
Center Surround
X YXY
0.047o1 0.047o 0.047o 0.093o
0.094o 0.188o2 0.094o 0.094o
0.188o 0.375o3 0.188o 0.188o
0.75o0.375o0.375o4 0.375o
0.75o 1.5o5 0.75o 0.75o
1.5o 3o6 1.5o1.5o
6o3o3o3o7
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Fig. 6. Diagrammatic representation of the ODOG model. (a) Gray level representation of an oriented difference-of-Gaussian (ODOG) filter. (b)
Seven filters, with center frequencies spaced at octave intervals, summed within orientation after being weighted across frequency (c) using a power
function with a slope of 0.1. (d) Resulting six multiscale spatial filters, one for each orientation, convolved with the stimuli of interest (e). (f)
Convolution outputs normalized and pooled across orientation according to their space-averaged root-mean-square (RMS) activity level (g) to
produce a resultant output (h).
filter appears in Fig. 6(a). Note that although the
center is circular, the surround extends beyond the
center for a distance of twice the center size in one
orientation but is the same size as the center in the
orthogonal orientation.
These filters can be described as Gaussian blobs
with inhibitory flanks or as simple-like cells (such as
those found in the cortex of monkey or cat) that are
orientation and spatial frequency selective. The
ODOG model is implemented in six orientations (0,
30, 60, 90 −30 and −60 degrees). Each orientation is
represented by seven volume-balanced filters that pos-
sess center frequencies arranged at octave intervals
(from 0.1 to 6.5 c/d). The seven spatial frequency
filters [Fig. 6(b)] within each orientation are summed
after weighting across frequency using a power func-
tion with a slope of 0.1 [Fig. 6(c)]. This slope is
consistent with the shallow low-frequency fall-off of
the suprathreshold CSF that is expected to be associ-
ated with the high-contrast stimuli that are under in-
vestigation (Georgeson & Sullivan, 1975). The
resulting six multiscale spatial filters, one per orienta-
tion, are convolved with the stimulus of interest [Fig.
6(d)– (e)]. The filter outputs [Fig. 6(f)] are pooled
across orientation according to their space-averaged
root-mean-square (RMS) activity level, as computed
across the entire image. The pooling is in accord with
a simple response normalization in which the filter
outputs are weighted such that the RMS activity levels
across orientation channels are equated [Fig. 6(g)]. Re-
sponse nonlinearities found in neurons in cat and
monkey visual cortex, such as contrast gain control
and the rapidly accelerating increase in response at
low contrast, may represent the physiological substrate
for this type of response normalization (for an
overview, see Geisler & Albrecht, 1995).
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3.4. ODOG model predictions for the
Wertheimer–Benary stimuli
The ODOG model predictions for the Wertheimer–
Benary stimuli appear in Fig. 7(c) and (d). In each
panel, the dotted lines represent the central portions of
the veridical luminance profiles of the stimuli along
lines that bisect the triangular test patches. For clarity,
these bisecting lines have been drawn on the corre-
sponding stimuli in Fig. 7(a) and (b). Note that the
luminance profiles and model predictions for each tri-
angle (right panels) occupy the same left–right posi-
tions as their corresponding test patch triangles (left
panels). The solid lines in Fig. 7(c) and solid and
dashed lines in Fig. 7(d) represent slices of the model
output along these same lines for each of the test patch
triangles. When referring to the luminance profiles, the
values ranging between 0 and 255 on the vertical axis
represent 256 linear luminance steps from 0 to 100
cd/m2. For the model output, the 256 steps represent a
range of 1150 model units. It is important to note that
this scaling is constant for all of the modeling demon-
strations, allowing them to be compared in a relative
manner. Although not pursued further in the present
paper, note also that the predicted brightness profile for
the test patches is not homogeneous in any of these
demonstrations. Blakeslee and McCourt (1997, 1999)
observed and quantified this type of inhomogeneity in
the brightness profiles of the test patches of GI, SBC
and White effect stimuli using a point-by-point bright-
ness matching technique and found that the profiles
were well predicted by the ODOG model.
In Fig. 8(a), (b) and (c), the circular symbols refer to
the right ordinate and represent the averaged ODOG
model predictions for each stimulus superimposed on
the homogeneous-background matching data for the
three observers [Fig. 2(a), (b) and (c)]. The filled sym-
bols are the predictions for the matches that appear as
shaded bars, and the open symbols are the predictions
for the matches that appear as white bars. To arrive at
this single-valued prediction, the model output was
averaged across the width of the test patches. Remem-
ber that although this metric is convenient for the
present purposes, neither the predicted nor the observed
brightness profiles are single-valued over these dis-
tances. In agreement with previous qualitative observa-
tions (Benary, 1924; Mikesell & Bentley, 1930; Jenkins,
1930; Todorovic, 1997), quantitative data from
Gilchrist (1988) and the present psychophysical results,
the ODOG model predicts that the triangular test patch
Fig. 7. ODOG model predictions (c, d) for the Wertheimer–Benary stimuli (a, b). Dotted lines in (c) and (d) depict the veridical luminance profiles
of the stimuli along lines that bisect the triangular test patches. These bisecting lines have been drawn on the corresponding stimuli in panels (a)
and (b). Solid lines in panel (c) and solid and dashed lines in panel (d) are slices of the model output along these same lines for each of the test
patch triangles. The luminance profiles and model predictions (right panels) occupy the same left-right positions as their corresponding test patch
triangles (left panels).
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Fig. 8. Averaged ODOG model predictions and psychophysical
matching data for the Wertheimer–Benary stimuli. ODOG model
predictions are represented by the circular symbols and refer to the
right ordinate. The predictions are superimposed on the psychophys-
ical matching data from the three observers (a, b, c) on the homoge-
neous matching background [Fig. 2(a), (b), (c)]. Filled symbols are
the predictions for the matches that appear as shaded bars; open
symbols are the predictions for the matches that appear as white bars.
results reflect the fact that these stimuli are not bal-
anced in luminance around the test patch luminance (50
cd/m2) at all spatial scales. For example, although the
mean luminance of the entire Todorovic stimulus is 50
cd/m2, the mean luminance for the left half of the figure
is lower (40 cd/m2), shifting the predictions for the
test patches on this side of the figure to slightly higher
values. Likewise, the mean luminance for the right half
of the figure is higher (60 cd/m2), shifting the predic-
tions for the test patches on this side of the stimulus to
slightly lower values. In the Benary cross condition, the
mean luminance of the entire stimulus is slightly ele-
vated relative to the luminance of the test triangles, and
again, we see a slight downward shift in the predicted
matches. The discrepancies between the model predic-
tions and the psychophysical brightness matches indi-
cate that the present model is somewhat more sensitive
to these imbalances than are the human observers.
Note, however, that the human data trend in the same
direction.
The ODOG model predictions for the lower contrast
corrugated Mondrian stimuli appear in Fig. 9(d), (e)
and (f). In each panel, the dotted line is the veridical
luminance profile of the stimulus along a vertical line
that transects the test patches. The location of these
lines is indicated by the lines drawn on the correspond-
ing stimuli in Fig. 9(a), (b) and (c). Note that in Fig.
9(c), this line is broken and shifted to the left at the
vertical midpoint of the stimulus in order to transect
both test fields at similar locations. The solid lines in
panels (d), (e) and (f) represent slices of the model
output along these same lines. Note that the test
patches form the two spaces separating the three pillars
in the luminance profiles. Pixel position 0 corresponds
to the bottom of the figure and position 1024 to the top
of the figure; therefore, the lower test patch is on the
left, and the upper test patch is on the right. The scaling
is identical to that of the previous experiment (Fig. 7).
The circular symbols in Fig. 10(a), (b) and (c) refer to
the right ordinate and represent the averaged ODOG
model predictions for each stimulus superimposed on
the homogeneous background matching data for the
three observers [Fig. 4(a), (b) and (c)]. The filled sym-
bols are the predictions for the matches that appear as
shaded bars, and the open symbols are the predictions
for the matches that appear as white bars. As in the
previous experiment, this single-valued prediction was
obtained by averaging the model output across the
width of the test patches. The first three conditions
refer to the lower contrast corrugated Mondrian stim-
uli. In agreement with previous observations and data
(Adelson, 1993; Todorovic, 1997; Wishart et al., 1997)
and the current psychophysical data, the model qualita-
tively predicts that the upper test patch appears darker
than the lower test patch in condition (MA) and that
this difference is reduced but still persists for condition
superimposed on the black object or background (cross
or L-bar) will appear brighter than the corresponding
test patch superimposed on the white background (or
L-bar). As discussed previously, a simple border con-
trast model predicts that the triangles with identical
border regions will appear the same. The model results
are similar, however, to those predicted by both a
T-junction analysis (Todorovic, 1997; Zaidi et al., 1997)
and analyses dependent on grouping (Gilchrist, 1988;
Gilchrist et al., 1999).
Interestingly, although the model predicts the correct
qualitative brightness relationships within each condi-
tion, the predictions are shifted in terms of absolute
level relative to the data. For example, the model
predictions for the triangles in the TBBW condition of
the Todorovic stimulus are both above the veridical
luminance, while the predictions for the triangles in the
TWWB condition are both below it. The modeling
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(MB). Remember that this small residual difference is
not accounted for by illumination (Adelson, 1993) or
X-junction (Todorovic, 1997) explanations of the corru-
gated Mondrian, although Gilchrist et al.’s, (1999)
grouping interpretation would attribute it to the weak
effect of grouping by local retinal adjacency. In addi-
tion, in agreement with the qualitative observations of
Todorovic (1997) and the current psychophysical data,
the model predicts that the upper test patch in condi-
tion (MC) also appears darker than the lower test patch
and that the magnitude of this difference is similar to
that seen in condition (MA). As discussed previously,
Todorovic (1997) argued that this last brightness effect
cannot be explained on the basis of Adelson’s (1993)
illumination hypothesis but was easily explained by
using the X-junction rule. An application of Gilchrist et
al.’s, (1999) anchoring analysis might also predict this
result due to a grouping by rows in a similar fashion to
that occurring in condition (MA). The next three condi-
tions (HMA, HMB, HMC) represent the high-contrast
version of the same experiment. As expected, the
brightness differences measured psychophysically and
predicted by the model are larger in the high-contrast
conditions but show the same overall pattern.
Although the model predicts the correct qualitative
brightness relationships within each condition, as in the
previous experiment, the predictions are shifted in
terms of absolute levels relative to the matching data.
In all conditions, the model predictions are somewhat
lower than the psychophysical matching data. Again,
Fig. 9. ODOG model predictions (d, e, f) for the low-contrast corrugated Mondrian stimuli (a, b, c). The dotted line is the veridical luminance
profile of the stimulus along a vertical line that transects the test patches. This line is indicated by the lines drawn on the corresponding stimuli
in (a), (b) and (c). In (c), this line is broken and shifted to the left at the vertical midpoint in order to transect both test patches at similar locations.
The solid line in (d), (e) and (f) is a slice of the model output along this same line. The test patches form the two spaces separating the three pillars
in the luminance profiles. Pixel position 0 corresponds to the bottom of the figure and position 1024 to the top of the figure; therefore, the lower
test patch is to the left, and the upper test patch is to the right.
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Fig. 10. Averaged ODOG model predictions for each corrugated
Mondrian stimulus superimposed on the homogeneous background
matching data for the three observers [Fig. 4(a), (b), (c)]. The circular
symbols are the model predictions and refer to the right ordinate. The
filled symbols are the predictions for the matches that appear as
shaded bars, and the open symbols are the predictions for the
matches that appear as white bars. (MA), (MB) and (MC) refer to the
low-contrast corrugated Mondrian conditions. (HMA), (HMB) and
(HMC) refer to the high-contrast versions of the Mondrians.
versions of these stimuli in order to test this explana-
tion. The overall luminance (not contrast) of the low-
and high-contrast sets of corrugated Mondrian stimuli
was adjusted until the mean luminance was the same as
the luminance of the test patches (50 cd/m2). These
modified stimuli appear in Fig. 11(a)– (f). The bright-
ness matching data for the three observers and model
predictions for this set of corrugated Mondrian stimuli
appear in Fig. 12(a), (b) and (c). The psychophysical
brightness matches and model predictions now both
straddle the veridical test patch luminance. Impor-
tantly, however, the pattern of result is the same as for
the original stimuli. These data reveal the need to revise
the model slightly to correct the mismatch between the
brightness matching data and the model output under
conditions where the stimulus does not have the same
mean luminance as the test patch at all spatial scales.
Luminance imbalances cannot, however, explain the
increase in matching luminance when the matching
Fig. 11. Low- (a, b, c) and high (d, e, f)-contrast sets of luminance-
balanced corrugated Mondrian stimuli. The overall luminance (not
contrast) of the low- and high-contrast corrugated Mondrian stimuli
[Fig. 1(c)– (h)] was adjusted until the mean luminance was the same
as the luminance of the test patches (50 cd/m2).
the explanation is that the stimuli are not precisely
balanced in luminance around the test patch luminance.
In both the low- and high-contrast sets, the mean
luminance of the corrugated Mondrian section of the
display is higher (60 cd/m2) than the luminance of
the test patches (50 cd/m2) resulting in a downward
shift of the modeled matching luminances for both test
patches within each configuration. As in the previous
experiment, this mismatch indicates that the model is
more sensitive to this imbalance than are the human
observers, although the matching data do trend in the
same direction. Because the luminance mismatch for
these stimuli is not due to the configuration of the
stimuli (as it was in the previous experiment), but
simply to the luminance values making up the patches
of the original corrugated Mondrian (Adelson, 1993), it
proved relatively easy to produce luminance balanced
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Fig. 12. Averaged ODOG model predictions and psychophysical
brightness matches for the three observers (a, b, c) in response to the
low- and high-contrast sets of luminance- balanced corrugated
Mondrian stimuli. The psychophysical brightness matches and model
predictions now straddle the veridical test patch luminance. Note,
however, that the overall pattern of the results for these balanced
stimuli is nearly identical to that for the original Mondrian stimuli
[Fig. 10(a), (b), (c)].
that the brightness of a central test patch increment on
a homogeneous field was greater than the brightness of
the same test patch increment on a checkerboard back-
ground of the same mean luminance. In other words,
checkerboard backgrounds effectively decrease the ap-
parent brightness of test patch increments. This effect
might also explain the present results if the checker-
board background caused the matching patch to appear
darker, such that the luminance of the matching patch
needed to be increased, above what it was on the
homogeneous background, to achieve a match to the
test patch.
Melfi and Schirillo (2000) suggested that the brighter
checks (increments) might be stronger inducers than the
darker checks (decrements). A possible mechanism for
the differential effect of increments and decrements is
an asymmetry in the gain of on- and off-pathways.
Starting at the bipolar cell level the on- and off-path-
ways of the primate visual system are largely separated
until they converge on single cells in the visual cortex
(for a review, see Fiorentini, Baumgartner, Magnussen,
Schiller, & Thomas, 1990; Schiller, 1992). Thus, it is
possible that asymmetries in the two pathways could
underlie asymmetric aspects of induction. This is a
fruitful topic for further research and modeling, and a
version of the ODOG model implementing separate on-
and off-channels with variable gain is currently under
development.
Beyond the existence of on- and off-channel asym-
metries, a full account of the checkerboard effect will
require a two-stage model, where the larger filters are
hierarchically assembled from a combination of the
smaller filters. Given a stimulus that provokes re-
sponses in smaller filters (such as a checkerboard with
medium to small check size), a gain asymmetry in on-
and off-channels at the first stage (small filters) results
in a DC shift in filter output. DC shifts in output of
first-stage filters mimic luminance variations at the sec-
ond stage (large filters). If increment responses (set by
on-channel gain) exceed those to decrements (set by
off-channel gain), then the output of the first-stage to
the checkerboard stimulus will contain a positive DC
offset, whereas that to the homogeneous surround,
being a poorer stimulus for linear filters, will not. The
DC offset to the checkerboard surround acts, at the
second stage, as a surround of increased homogeneous
luminance, causing the output of the second stage to
reflect suppressed response to the matching region. The
darkness induction within the matching patch must be
compensated by increased luminance.
It is clear that the possible methodological advan-
tages of employing a checkerboard background as op-
posed to a homogeneous (or other) background cannot
be fully realized until we understand the mechanism
responsible for the large shift in the matching lumi-
nances on the checkerboard background.
patch is on a checkerboard background. Since the mean
luminances of the checkerboard and homogeneous
backgrounds are identical (50 cd/m2) at all but the
smallest spatial scales (the individual checks are ap-
proximately 0.25o×0.25o), the mean ODOG model
output across these regions is likewise identical. There-
fore, the checkerboard and homogeneous backgrounds
cannot, according to the current model, cause differen-
tial induction in the matching patch and thereby ac-
count for the upward shift in matching luminance. This
mismatch between the model predictions and the check-
erboard background matching data prompts us to ask
what properties of the visual system might produce the
psychophysical results, and how the model might be
modified to accommodate these properties.
The non-equivalence of homogeneous and checker-
board backgrounds was reported by Schirillo and Shev-
ell (1996) and by Melfi and Schirillo (2000), who found
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4. General discussion
These experiments clearly show that the ODOG
model can predict the relative brightness of the test
patches in the Benary cross (Benary, 1924), the corru-
gated Mondrian (Adelson, 1993) and in Todorovic’s
(1997) versions of these effects. In addition, the model
also predicts the effect of manipulating contrast in the
corrugated Mondrian. The Wertheimer–Benary stimuli
and the corrugated Mondrian, like the White effect
(White, 1979) and the Todorovic variant on SBC
(Todorovic, 1997), have been important demonstrations
in brightness perception because they have not been
understood on the basis of isotropic contrast models.
Because of this, as mentioned previously, numerous
‘higher-level’ explanations for these effects have been
advanced. These include explanations based on group-
ing factors suggested to be important in determining
brightness percepts, such as coplanarity (Gilchrist,
1980), common illumination (Adelson, 1993), and the
Gestalt principles (Gilchrist et al., 1999). We argue that
an explanation in terms of ‘higher-level’ mechanisms is
not required since all of these induced brightness effects
can be parsimoniously accounted for by the ODOG
model. This suggests that these effects primarily reflect
the operations of early-stage filtering.
Interestingly, this same group of effects has also
qualitatively been successfully accounted for in terms of
a ‘lower-level’ analysis of T-junctions and X-junctions
(Zaidi et al., 1997; Todorovic, 1997). Indeed, to the
extent that various junctions influence ‘higher-level’
grouping, and to the extent that filters of the ODOG
model capture the junction analysis, one might expect
all these approaches to yield similar results (Todorovic,
1997; Blakeslee & McCourt, 1999). In other words, the
mechanistic explanation offered by the ODOG model
does not necessarily conflict with T-junction or group-
ing analyses, but may, at least to some extent, serve as
a mechanism for both. In addition, the ODOG model
has the advantage in that it successfully makes quanti-
tative predictions about the relative size of various
brightness effects and provides an explanation for a
larger variety of brightness effects. For example, SBC
and GI do not contain T-junctions or X-junctions and,
therefore, cannot be addressed by a junction analysis
(Blakeslee & McCourt, 1999). There is also no explana-
tion for GI based on Gestalt grouping and Gilchrist’s
anchoring hypothesis (Gilchrist et al., 1999). The
ODOG model is also able to account for the smooth
transition in mean brightness seen in the White effect
when the relative phase of the test patch is varied
relative to the inducing grating (White & White, 1985;
Blakeslee & McCourt 1999) and for the inhomogenei-
ties in brightness that are revealed by point-by-point
brightness matching (Blakeslee & McCourt, 1997,
1999). These data are not readily explained by a T-junc-
tion or grouping analysis.
Importantly, however, there is evidence that T-junc-
tions and X-junctions contribute to higher-order group-
ing effects that can modify low-level brightness percepts
under certain circumstances (Kingdom, Blakeslee, &
McCourt, 1997). While influences on brightness due to
the outcomes of higher-level inferential processes, such
as transparency (Adelson, 1993; Kingdom et al., 1997),
perceived stereo depth (Schirillo & Shevell, 1993; Spe-
har, Gilchrist, & Arend, 1995), perceived pictorial
depth or shape (Knill & Kersten, 1991; Adelson, 1993;
Buckley, Frisby, & Freeman, 1994; Wishart et al., 1997)
perceived ‘belongingness’ (Agostini & Proffitt, 1993)
and co-planarity (Gilchrist, 1980; Gilchrist et al., 1999)
have been demonstrated, further research is required to
clearly determine the circumstances under which these
factors exert a unique influence on brightness, and to
determine the magnitudes of these effects.
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